ABSTRACT: Since volatiles do not leave residues in food and cause low toxicity to humans, they can act as a skeleton for new nematicidal molecules, once they have demonstrated activity against phytonematodes. The aim of this study was to evaluate the effect of volatile organic compounds (VOCs) released by wood-associated fungi on controling second-stage juveniles (J2) of Meloidogyne incognita. All 28 wood-associated fungi isolates produced VOCs which caused in excess of 76 % immobility in exposed J2 of M. incognita. The fungus isolate VOCs also caused significant mortality compared to control when J2 were exposed to them. After 6 h of exposure, the fungus species Epicoccum nigrum and Schizophyllum commune produced VOCs that immobilized exposed J2 compounds, in relation to the control. When J2 were inoculated into tomato under greenhouse conditions, the M. incognita infectivity and reproduction were reduced by exposure to the VOCs. Volatiles produced by most of the fungi isolates and analyzed by gas chromatograph coupled to a mass spectrometer (CG-MS), included alcohols, esters, terpenes, and ketones. Certain compounds appeared only in S. commune or in E. nigrum suggesting their involvement in the high level of damage caused to nematode reproduction on tomato. Volatiles emitted by wood fungi demonstrated another mode of action of these microorganisms in nature.
Introduction
Nematodes are root parasites that hinder the translocation and absorption of nutrients, and thereby alter plant physiology predisposing hosts to diseases and environmental stresses (Chitwood, 2002) . The most common method for controlling nematodes has been the use of nematicides. However, the market is dominated by products that leave residues on plants, most of which are highly hazardous to human health and the environment. For example, the use of Aldicarb was banned in Brazil in 2011, as the product accounted for almost 60 % of eight thousand cases of poisoning every year in the country (ANVISA, 2012) .
Research has shown that plants and micro-organisms that can produce volatile organic compounds (VOCs) in soils and substrates may be used to treat diseased plants through biofumigation (Neves et al., 2007; Ojaghian et al., 2012) . In addition to toxicity to pathogens, VOCs can attract natural enemies and can act as an activation signal for resistance-related genes (Aharoni et al., 2003; Arimura et al., 2005; Kessler et al., 2006) . The low toxicity of volatile molecules to humans opens up the possibility of success as a marketable molecule once they have proven their toxicity to pathogens. Studies detected that volatile molecules emitted by fungi cultures had nematicide and nematostatic effects on the Meloidogyne species (Riga et al., 2008; Freire et al., 2012) . Other studies have shown nematicide and fungicidal effects of VOCs produced by plants, such as isothiocyanates (Lazzeri et al., 1993; Zasada and Ferris, 2003; Ojaghian et al., 2012) .
Fungal isolates collected in natural forests are attractive candidates for the production of new molecules (nematicides, fungicides, or insecticides) which can control agricultural diseases (Parker et al., 1997) . Investigation into the VOCs produced by wood-associated fungi may serve in the future development of commercial products taking advantage of their antimicrobial potential, low cost, low toxicity, and easy handling (Freire et al., 2012) . Thus, we isolated woodassociated fungi, tested the toxicity of VOCs to secondstage juveniles (J2) of root-knot nematode M. incognita, assessed different exposure times of J2 to fungal VOCs, evaluated the infectivity of J2 of M. incognita exposed to fungal VOCs in tomato seedlings, and characterized the volatile molecules emitted by the best isolates by solid phase microextraction (SPME) and gas chromatography-mass spectrometry (GC-MS).
Materials and Methods

Isolation, preparation and maintenance of fungal isolates
We used 28 fungal isolates from different substrates (decaying trees and stumps) in forest fragments in Lavras, in the state of Minas Gerais, Brazil, geographic coordinates 21°13'39.1" S, 44°58'06.3" W at an altitude of 919 m. These fungi were isolated by removing fragments from fruiting bodies or dead wood. The surface was sterilized in 70 % alcohol with 5 % hypochlorite for 30 s. The excess hypochlorite was then eliminated with sterile water. After surface disinfection, the fragments were transferred to a Petri dish containing Potato Dex- trose Agar (PDA) and incubated in a growth chamber with a 12 h photoperiod at a temperature of 25 °C for 7 days. The grown fungi were transferred to new dishes containing PDA culture medium. After growth, the isolates were stored using three different media: test tubes containing PDA, 15 % glycerol at -80 °C, and Castellani's (Castellani, 1939 ) storage method at room temperature. Castellani's method was used in the assays and the other two methods were used for long period storage to avoid loss.
Extraction and suspension of J2 of M. incognita
Egg suspensions were obtained according to Hussey and Barker technique (1973) from pure populations of M. incognita on tomato plants multiplied and maintained in a greenhouse. The eggs were counted and then placed in a hatching chamber at 28 °C. Only the J2, which hatched 48 h after assembling the chamber, were used in the experiment.
Toxicity in vitro of VOCs emitted wood-associated fungi to J2 of M. incognita
To select fungal isolates producing VOCs toxic to M. incognita, we used the technique promulgated by Barros et al. (2014) with modifications. Briefly, SUPELCO ® SPME bottles 80 × 28 mm (internal volume 39 mL) with threaded caps were internally coated with a layer of silicone which provides a tight seal. Each bottle received 15 mL of water-agar and 6 mL of PDA culture medium through the top. A sterile 1.5 mL microtube was dug into growth medium to an average height and the internal PDA medium was cultured with each wood fungus isolate. For this, two discs, 2 mm in diameter were taken from the edges of fungal colonies incubated for 7 days at 25 °C and a photoperiod of 12 h. They were then transferred to the PDA medium adjacent and opposite to the microtube. The bottle was sealed with plastic film, and incubated for 6 days at 25 °C in the dark (Figure 1 ). Supelco bottles without fungal inoculation were used as control. Then, 1 mL of a suspension containing 100 J2 was injected into the inner microtube with a syringe. The hole left by the syringe was sealed with adhesive tape, and the flasks with J2 were incubated in a growth chamber with a 12 h photoperiod and temperature of 25 °C for 24 h. Then, the tubes were opened, and the J2 suspensions in the microtubes transferred to a polyethylene plate to measure the numbers of mobile and immobile J2. After 24 h in pure water, the number of dead J2 was quantified. The experiments were conducted in a completely randomized design with four replications. The experiments were repeated twice. For this, the treatments were organized in factorial comprising two factors (treatment × experiment).
Isolate identification
Morphological characters and molecular were used to identify the isolates selected for assays in vitro. DNA was extracted from the nine fungal isolates (PD8, PD10, PD12, PD13, PD14, PD21, PD22, PD27 and PD29). After transferring four mycelial disks to flasks containing 200 mL of liquid medium (20 g malt extract L −1 ), mycelial masses were produced. The vials were stirred at 150 rpm for 4 days at room temperature. Then, the mycelium was filtered, dried, and kept at 20 °C until extraction.
DNA extraction was performed according to the Wizard ® Genomic DNA Purification Kit (Promega, Madison, USA). The region chosen for amplification was the ITS (internal transcribed spacer) using the GoTaq® Colorless Master Mix Kit (Promega®), while purification was performed with the Wizard ® PCR Preps DNA Purification System (Promega®). The SeqAssem program (version 2007/2008) was used for editing the sequences. Gene sequences of the ITS region were compared with other sequences deposited in the GenBank (www.ncbi. nlm.nih.gov/Genbank) using the BLAST tool for similarity verification.
Infectivity and reproduction of J2 of M. incognita after exposure to VOCs
In this test we used the same nine fungal isolates identified from the previous study (PD8, PD10, PD12, PD13, PD14, PD21, PD22, PD27, and PD29). We also used tubes prepared with PDA as described in the previous test. One mL of a suspension containing 600 J2 of M. incognita was injected into the microtube that was inserted in the culture medium, which had been exposed to VOCs for 24 h. Next, the J2 were removed from the microtube, dispersed in 4 mL of distilled water, and inoculated into 30 day old tomato seedlings in 75 cm 3 cell seeding trays containing substrate. Three equidistant holes around the seedling were made using a glass rod (2 mm of diameter) within each cell. The inoculum suspension was performed with the aid of a 5 mL automatic pipette. The suspension was deposited in the holes. After inoculation, the trays were kept in a greenhouse where the inoculated seedlings were irrigated by manual spraying whenever necessary. The number of eggs and galls per root system were counted 30 days after inoculation. The experiments were conducted in a completely randomized design with five replications and repeated twice. For this, the treaments were organized in factorial comprising two factors (treatment × experiment).
Toxicity of VOCs to J2 of M. incognita for different exposure time periods
Among the fungal isolates emitting VOCs that caused mortality, four of them, identified as Epicoccum nigrum (PD8) and Schizophyllum commune (PD13, PD21, and PD29), were selected to test the sensitivity of M. incognita J2 to VOC exposure over different time periods. We prepared SUPELCO tubes with culture medium as described previously to receive the selected isolates. The tubes were sealed and incubated in a growth chamber with a 12 h photoperiod and temperature of 25 °C for 6 days for the accumulation of VOCs. Then, 1 mL of a suspension of 100 J2 of M. incognita was injected into the microtube and left at 25 °C for 0.5, 3, 6, 12, and 24 h. At the end of each exposure period, the tubes were opened, and the J2 suspension contained in the microtubes were transferred to an ELISA plate to count the number of mobile and immobile J2. The experiments were conducted in a completely randomized design with four replications and were repeated twice. For this, the treatments were organized in factorial comprising three factors (treatment × time × experiment).
Identification of VOCs emitted by fungi by solid phase microextraction coupled to gas chromatography-mass spectrometry PD8, PD13, PD21, and PD29 isolates were selected for VOCs identification. PD13 and PD21 were added to the analysis for comparison with PD29 because they belong to the same fungal species, S. commune. We used solid phase micro extraction (SPME) in the headspace mode (Arthur and Pawliszyn, 1990 ) with the following parameters: fiber DVB/CAR/PDMS (Divinylbenzene, Carboxen, and Polydimethylsiloxane), extraction temperature of 55 °C, sample stirring at 250 rpm, extraction time of 35 min and desorption time in the GC injector of 2 min. For separation and identification, we used a spectrometer (Shimadzu QP-2010 plus GC-MS), equipped with an auto injector, and an HP-5 column (5 % phenyl-95 % dimethylsiloxane) with dimensions 30 m × 0.25 mm × 0.25 µm. The injector temperature was 250 °C, the interface temperature 240 °C and the ion source temperature 200 °C. The injector was operated in splitless or split mode 1:4, according to the peak intensity in the samples. The carrier gas was He 5.0 at 1.0 mL min −1 . The temperature program of the GC oven was as follows: an increase from 40 °C to 160 °C at 3 °C min −1 and then an increase to 240 °C at 10 °C min −1 . For the identification of the VOCs in the samples, we extracted the mass spectra of each peak in the chromatogram using the Automated Mass Spectral Deconvolution and Identification System (AMDIS) v.2.63 software. The identification of VOCs was performed by comparing the peak mass spectra in samples with spectra in the NIST Mass Spectral Library Search Program v. 1.7 (NIST, Washington, DC, USA) and by comparing the retention indices obtained experimentally (RI Exp.) with the retention rates in the literature (RI Lit.) (NIST, 2013; Adams, 2007) . For comparing mass spectra, we considered only peaks with a spectra similarity greater than 80 %. The experimental retention indices were obtained by the injection of a homologous series of alkanes. Peaks were identified in the chromatograms only when mass spectra data agreed with the retention indices.
Data analysis
We used the Sisvar software program (version 5.3) for data analysis and performed analysis of variance (ANOVA). The averages of each treatment were grouped and differentiated by the Scott and Knott (1974) test (p < 0.05). For the analysis of the data related to exposure time, the regression models were adjusted, and the best model was selected based on R 2 and error.
Results
Meloidogyne incognita toxicity of VOCs emitted by wood-associated fungi
In the immobility experiment, differences were observed (p = 0.046) in the interaction treatment × experiment. VOCs emitted by all 28 fungal isolates caused a significant reduction in mobility of M. incognita J2 ranging between 77 and 100 % compared to control (p ≤ 0.05) ( Table 1) . Considering the two experiments, the isolates PD10, PD15, PD16, PD17, PD19, PD20, PD22, PD23, PD24, PD25, PD26, PD27, PD28, PD29 and PD32, showed high values of immobility compared with other treatments. In the first experiment, three groups were defined. The first group contained 27 isolates (PD1, PD2, PD4, PD5, PD8, PD10, PD12, PD13, PD14, PD15, PD16, PD17, PD18, PD19, PD20, PD21, PD22, PD23, PD24, PD25, PD26, PD27, PD28, PD29, PD30, PD31 and PD32) and caused immobility ranging between 93 and 100 %. The second group contained only one isolate (PD9) causing 77% immobil-Sci. Agric. v.74, n.4, p.303-310, July/August 2017 ity. The third group contained only the control with 4 % immobility (Table 1 ). In the second experiment, three groups were also defined. However the first group contained 16 isolates (PD9, PD10, PD15, PD16, PD17, PD19, PD20, PD22, PD23, PD24, PD25, PD26, PD27, PD28, PD29 and PD32) and caused immobility ranging between 95 and 100 %. The second group contained 12 isolates (PD1, PD2, PD4, PD5, PD8, PD12, PD13, PD14, PD18, PD21, PD30 and PD31) causing immobility ranging between 81 and 95 %. The third group contained only the control with 3 % immobility (Table 1) .
In the mortality experiment, differences were observed (p = 0.0001) in the interaction treatment × experiment. The mortality caused by fungal VOCs to M. incognita J2 ranged from 3 to 38 %, which was significantly greater than the control (Table 1) . Considering the two experiments, the isolates PD4, PD8, PD10, PD13, PD16, PD17, and PD22 presented higher mortality rates compared to other treatments. In the first experiment, VOCs of isolates PD4, PD8, PD10, PD13, PD16, PD17, PD19, PD22, and PD21 caused the highest number of J2 deaths (35 to 38 %), followed by PD5, PD9, PD12, PD18, PD21, PD23, PD26, and PD27 which also caused significant mortality of J2 of M. incognita compared to the control. VOCs from the other isolates caused mortality similar to the control. In the second experiment the isolates PD1, PD2, PD4, PD5, PD8, PD10, PD12, PD13, PD15, PD16, PD17, PD18, PD21, PD22, PD27, and PD29 caused the highest number of J2 death (13 to 32 %). VOCs from the other isolates caused mortality similar to the control (Table 1) .
Isolate identification
The amplification of the ITS region of the eight fungal isolates, PD29, PD21, PD13, PD14, PD10, PD8, PD22, and PD27 produced fragments of 335 to 611 base pairs (bp) (GenBank Accession numbers: KX668571 -KX668578, respectively). Eight fungal isolates belonged to two classes of fungi, Ascomycetes and Basidiomycetes, according to their similarity in DNA to other sequences deposited in Genbank. The PD8 isolates as Epicoccum nigrum (100 %), PD13 (97 %), PD21 (99 %), and PD29 (100 %) as Schizophyllum commune were also identified as species levels and by morfological characters. PD10 as Pestalotiopsis sp. (100 %); PD14 (100 %) as Phanaerochaete chrysosporium; PD22 (99 %) as Nigrospora sp.; PD27 (98 %) as Lasiodiplodia sp. were used as phylogenetic characters.
Infectivity and reproduction of J2 of Meloidogyne incognita after exposure to fungal VOCs
No difference was observed (p = 0.132) in the interaction treatment × experiment for infectivity of M. incognita in tomato, as indicated by the number of galls per root system. However, the number of galls per root system were highest when exposed to the fungal isolates PD8, PD14, PD21, PD27, and PD29 (Figure 2A ). There was also no difference (p = 0.056) in the interaction treatment × experiment for the number of eggs. The number of eggs produced by adult females that developed after being exposed to VOCs of isolates PD8 and PD29 when in the J2 stage decreased by 67 and 81 %, respectively, compared to controls ( Figure 2B ).
Toxicity of VOCs to J2 of M. incognita for different exposure periods
No difference was observed (p = 0.641) in the interaction treatment × experiment × time. Exposure of M. incognita J2 to VOCs emitted by the fungal isolates PD8, PD13, PD21, and PD29 resulted in different percentages of J2 immobility over 24 h of exposure. For example, 50 % immobility was reached at different times according to the different fungal isolates used: PD8 in 14 h, PD13 in 12 h, PD21 in 13 h, and PD29 in 7 h. Additionally, VOCs emitted by PD29 caused greater immobility compared to the other isolates, with a significant immobility increase after 6 h of exposure (Figure 3) . Identification of fungal VOCs by solid phase microextraction coupled to gas chromatography-mass spectrometry The VOCs produced by PD8 and PD29 samples were correctly identified and were different from those produced by the control (culture medium). Table 2 presents the identities of peaks numbered for each fungal species. Peaks were identified in chromatograms only when mass spectral data and retention indices were in agreement.
In general, the analysis by SPME-GC-MS of volatiles emitted by fungi PD8 (E. nigrum) and PD13, PD21, and PD29 (S. commune) showed the presence of 8, 9, 12, and 14 compounds grouped into the following classes: alcohols, terpenes, esters, and ketones, respectively. The compounds methanethiol, ethyl 2-methylbutanol and 3-methylbutanol appeared only in the chromatogram of PD29 (Table 2) . (Adams, 2007; NIST, 2013); 3 Match (%) = similarity between library spectra and peak spectra; PD8, PD13, PD21, and PD29 = referred to fungus isolates. 
Discussion
Although the immobility of J2 of M. incognita caused by VOCs produced by wood-associated fungi had been high, the mortality was low, reaching a maximum of 38 %. These results proved the nematicide and nematostatic effects of VOCs produced by wood-associated fungi. However, much higher mortality levels of M. incognita caused by VOCs emitted by fungi isolated from coffee rhizosphere were demonstrated by Freire et al. (2012) . The production of volatile emissions by E. nigrum, S. commune, P. chrysosporium, Nisgrospora sp., and Lasiodiplodia sp. toxic to nematodes have not yet been described; however, many other fungi species produce volatiles toxic to plant pathogenic nematode and to other plant pathogens (Campos et al., 2010; Huang et al., 2010) .
The ascomycetes M. albus and Trichoderma spp. can produce a mixture of volatiles that effectively control the growth of a wide range of micro-organisms (Eziashi et al., 2006; Ezra and Strobel, 2003) . Additionally, Schalchli et al. (2011) reported the efficiency of VOCs produced by the basidiomycete S. commune against the fungi Botrytis cinerea, F. oxysporum and Mucor miehei.
Nematode toxicity was expressed as early because of exposure time to the volatiles. The gradual and fast immobility of M. incognita J2 in the first hours of exposure to VOCs of wood-associated fungi and complete immobility after 24 h of exposure which were observed here are in agreement with data obtained by Gu et al. (2007) . They reported a reduction in mobility in Bursaphelenchus xylophilus and Panagrellus redivivus between 1 and 12 h and total immobility of these nematodes within 24 h of exposure. Grimme et al. (2007) also found a reduction in the mobility of J2 of M. incognita for different times. Immobilization of 31, 74, and 100 % occurred after 24, 72, and 168 h of exposure to VOCs emitted by the fungus M. albus, respectively. Differences in immobility per different exposure times of J2 to VOCs indicate the level of nematode sensitivity to the volatile molecule, which may lead to death or irreversible mobilization. This sensitivity was mainly detected when J2 were exposed to isolate PD29, which immobilized a greater number of nematodes in a shorter time compared to the other isolates. As different sources of volatiles cause mortality or immobility of nematodes, distinct molecules may have different modes of action on the nematode body.
Physiological damage to the phytonematode exposed to sources of volatiles may be evaluated in terms of plant infectivity and nematode reproduction. In this study nematode immobility retards the life cycle in a susceptible host and a reduction of M. incognita eggs will lead to decreases in population. Reduction in tomato infectivity (numbers of galls) by M. incognita J2 after exposure to the VOCs of F. oxysporum was demonstrated by Freire et al. (2012) . Huang et al. (2010) also found a reduction in the number of galls and eggs of M. incognita after exposure to volatiles of Bacillus megaterium YFM3.25. Metabolites produced by B. megaterium also caused a significant reduction in the number of root galls and eggs of nematodes of M. exigua in a study by Oliveira et al. (2007) . Riga et al. (2008) used a formulation of fungus M. albus mixed with soil in an airtight plastic container and found that populations of Pratylenchus allius, P. penetrans, M. chitwood and M. hapla were reduced by 85 to 100 % in the roots, but only by 56 to 100 % in the soil.
Micro-organisms and plants produce diversified volatile molecules (Faria et al., 2014; Barbosa et al., 2010; Barros et al., 2014; Freire et al., 2012; Gu et al., 2007) . The same occurred with wood-associated fungi in this study which produce several molecules of alcohol, ester, terpenes, and ketones. Compounds such as methanethiol and methyl thioacetate, contain sulfur and may have some toxic effects because other sulfur compounds, such as isothiocyanates, nitriles, thiocyanates, and epinitriles, have been proven to be toxic to nematodes (Mayton et al., 1996) . The fact that isolates of the same species can produce different compounds or the same compounds in different quantities may be related to genetic variability within species. Thus, different isolates of the same genus can produce different profiles of VOCs. For example, Karlshoj and Larsen (2005) analyzed the production profile of volatile compounds of 24 isolates of Penicillium spp. and found that Penicillium paneum had a unique profile of volatile metabolites compared to the P. roqueforti and P. carneum species. However, differences in volatile production among isolates of the same species may also be related to the exposure time that each isolate requires to become immobilized or to cause mortality in the micro-organism.
In this study, we found similarities and differences in the production of VOCs by ascomycetes and basidiomycetes. Variation in the production of both classes of compounds has been reported in other studies. Buzzini et al. (2003) and Buzzini et al. (2005) assessed isolates of ascomycete and basidiomycetous yeasts and found volatile alcohols (amyl and isoamyl alcohol), aldehydes (2-methyl-2-hexenal and 2-isopropyl-5-methyl-2-hexenal), and esters (isobutyl acetate, isoamyl acetate, 2-methylbutyl acetate, ethyl isovalerate, isoamylpropionate, and phenylmethyl). Basidiomycetous yeasts had a greater number of alcohol (isobutyl alcohol, amyl alcohol, and isoamyl alcohol) and ester compounds (ethyl acetate, ethylpropionate, n-propyl acetate, isobutyl acetate, n-propyl propionate, n-butyl acetate, isoamylacetate, amyl acetate, isoamylpropionate, amyl propionate, and 2-phenylmethyl acetate).
Several volatile compounds similar to those we found were identified in S. commune by Schalchli et al. (2011) , including ethanol and β-bisabolol. These compounds are commonly found in plants ( Lopes-Lutz et al., 2008) and in the essential oil of S. commune (Ziegenbein et al., 2006) . Bisabolol is known for its anti-irritant, antiinflammatory, and antimicrobial properties (Zekovic et al., 1994) . However, neither ethanol nor bisabolol were tested for toxicity to phytonematodes. The four VOCs produced by E. nigrum (PD8) and S. commune (PD29) (ethanol, 2-methyl-propanol, 3-methyl-butanol, and 2-methyl-butanol) are typical fungal compounds that have been detected in other studies to evaluate the effect of VOCs on nematodes (Fialho et al., 2010; Grimme et al., 2007) . However, the compounds methanethiol, methylthioacetate, 3-methyl-butanol acetate and 2-methyl-butanol acetate were produced only by S. commune (PD29) ( Table  1) . Grimme et al. (2007) used an artificial mixture of volatiles produced by the fungus M. albus, including 3-methyl-1-butanol, 3-methyl-1-butanol acetate and some esters, and found that this mixture reduced the number of root galls by M. incognita in tomato plants in vivo. Fialho et al. (2010) reported that VOCs consisting of alcohols are mainly responsible for the bioactivity of Saccharomyces cerevisiae against the fungus Guignardia citricicarpa. According to the authors, an artificial mixture of VOCs with the compounds 3-methyl-1-butanol and 2-methyl-1-butanol was able to fully suppress the development of G. citricicarpa. Fialho et al. (2012) also performed fumigation on a substrate containing second-stage juveniles with a mixture of synthesized VOCs including the molecules cited above. The nematicide effect was over 30 % with the lowest substrate concentration (33.3 mL g −1 ), and with 66.6 and 133.3 mL g −1 of the substrate, the nematode mortality was 100 %. The present study showed the importance of screening VOCs produced by woodassociated fungi to control nematodes. In the future investigations studies will be necessary, mainly on the molecules separately though also in a mixture to confirm the action mechanism of those molecules.
